ABSTRACT: Previous studies of the maturation of periodic breathing cycle duration (PCD) with postnatal age in infants have yielded conflicting results. PCD is reported to fall in term infants over the first 6 mo postnatally, whereas in preterm infants PCD is reported either not to change or to fall. Contrary to measured values, use of a theoretical respiratory control model predicts PCD should increase with postnatal age. We re-examined this issue in a longitudinal study of 17 term and 22 preterm infants. PCD decreased exponentially from birth in both groups, reaching a plateau between 4 and 6 mo of age. In preterm infants, PCD fell from a mean of 18.3 s to 9.8 s [95% confidence interval (CI) is Ϯ 3.2 s]. In term infants, PCD fell from 15.4 s to 10.1 s (95% CI is Ϯ 3.1 s). The higher PCD at birth in preterm infants, and the similar PCD value at 6 mo in the two groups, suggest a more rapid maturation of PCD in preterm infants. This study confirms that PCD declines after birth. The disagreement between our data and theoretical predictions of PCD may point to important differences between the respiratory controller of the infant and adult. E xperimental evidence is accumulating that PB in the infant, as in the adult, is caused by instability in the respiratory control system, possibly mediated by increased hypoxic stimulation of the peripheral chemoreflex feedback loop during the early postnatal period (1,2). Furthermore, math modeling studies of respiratory control based on a downscaling of adult cardiorespiratory time constants to the infant (3,4) support such a conclusion. Of interest, the theoretical model of Khoo et al. (3) predicts that the PCD should increase progressively with age from approximately 18 s at birth to an adult value in excess of 30 s.
E
xperimental evidence is accumulating that PB in the infant, as in the adult, is caused by instability in the respiratory control system, possibly mediated by increased hypoxic stimulation of the peripheral chemoreflex feedback loop during the early postnatal period (1, 2) . Furthermore, math modeling studies of respiratory control based on a downscaling of adult cardiorespiratory time constants to the infant (3, 4) support such a conclusion. Of interest, the theoretical model of Khoo et al. (3) predicts that the PCD should increase progressively with age from approximately 18 s at birth to an adult value in excess of 30 s.
Surprisingly, most infant data contradict this model prediction, with three longitudinal studies in term infants (5-7) and one small study in preterm infants (1) reporting that PCD decreases significantly from birth to 6 mo postnatally. However, another cross-sectional study of selected long epochs of PB in a larger group of preterm infants studied just before discharge from the nursery reported that PCD showed no trend or a weakly increasing trend over the first 3 mo postnatally (8) ; while the results of this study could be interpreted as conforming with the predictions of the Khoo model scaled to the infant, we have argued previously that the study design may have biased the outcome (1) .
To resolve the issue as to whether PCD decreases or increases with postnatal age, further longitudinal studies were warranted in a larger population of term and preterm infants. Based on our earlier studies, and consistent with recent findings that the ventilatory response to CO 2 becomes brisker with age (9), we hypothesized that the reduction in PCD commencing at birth and completed by 6 mo postnatally in both term and preterm infants represents a similar adaptation to air breathing and is mediated principally by changes in the response time of the peripheral chemoreceptors. Accordingly, we measured PCD in term and preterm infants over this period. Our study design also allowed us to ascertain whether sleep state (SS) and sleep position (SP) impact on PCD.
METHODS

Subjects.
Twenty-four term infants (15 F/9 M) and 27 preterm infants (16 F/11 M) were recruited from the maternity wards at Monash Medical Centre, Melbourne, Australia. Before the study, written informed consent was obtained from the parents of all subjects. The Monash Medical Centre Human Research and Ethics Committee granted ethical approval for this project.
Term infants were born between 38 and 42 wk gestation, with normal birth weights (mean Ϯ SE, 3578 Ϯ 87 g; range, 3015-4190 g). Apgar scores were 5-10 (median, 9) at 1 min and 6 -10 (median, 9) at 5 min. Preterm infants were born between 30 and 35 wk gestational age (GA), with a birth weight of 1806 Ϯ 88 g (range, 920 -2408 g). Apgar scores were 3-9 (median, 7) at 1 min and 7-10 (median, 9) at 5 min.
Term infants were studied longitudinally at 2-3 wk after birth, with a post-conceptional age (PCA) of 291 Ϯ 9 d (range, 278 -315 d), at 2-3 mo post-term (PCA of 349 Ϯ 11 d; range, 336 -365 d) and at 5-6 mo postnatal age (mean PCA of 461 Ϯ 13 d; range, 445-475 d). The preterm infants were studied four times, the first study being at 36 -38 wk GA (PCA of 257 Ϯ 5 d; range, 249 -267 d), the other three at ages that were age-matched postconceptionally to the term infants at 2-3 wk (PCA of 287 Ϯ 6 d; range, 267-302 d), 2-3 mo (PCA of 352 Ϯ 9 d; range, 329 -367 d), and 5-6 mo (PCA of 443 Ϯ 3 d; range, 442-447 d).
Recording methods. A 16-channel Grass Polygraph (Model 78A, Grass Instrument Company, Quincy, MA) was used to record EEG, electrooculogram, submental electromyogram, ECG, instantaneous heart rate, thoracic and abdominal breathing movements (Resp-ez Piezo-electric sensor, EPM Systems, Midlothian, VA), expired CO 2 (CO 2 /O 2 Analyser, Engstrom Eliza MC, Bromma, Sweden), blood oxygen saturation (Biox 3700e Pulse Oximeter, GE Healthcare, Piscataway, NJ), and abdominal skin and rectal temperature (YSI 400 series thermistor NTC probes, YSI Inc., Yellow Springs, OH). SS was assessed as quiet sleep (QS), active sleep (AS), or indeterminant sleep using EEG, behavioral, heart rate, and breathing pattern criteria (10) .
Protocol. All polysomnography recordings were made between 1000 h and 1600 h. Electrodes were attached to the baby during a feed. When drowsy, infants were placed in a bassinet, or in a cot for infants at age 5-6 mo. The room was dimly lit and temperature was kept constant (22-23°C). Infants generally had a morning and afternoon sleep interrupted by a midday feed, when SP was changed. The initial SP (prone or supine) was randomized on the morning of the first study; the opposite position was used for the morning of the second study and the order of SP was again reversed for the final study.
Polysomnographic recordings began when the infant was in a stable SS. As part of a study of arousal, an air-jet was used at intervals during the sleep period to deliver 5-s pulses of pressurized air to the infant's nostrils (11) . This involved presenting a variable intensity stimulus alternately to the left and right nostrils to determine the pressure that induced arousal. On occasions, the air-jet stimulus induced a sigh that was often followed by an epoch of PB.
Data analysis. Analysis was performed on babies exhibiting at least one epoch of PB, defined using a modified Kelly criterion (12) as two or more sequential apneas lasting more than 3 s, separated by periods of ventilation with a duration of Ͻ20 s (1, 5) . Of 51 enrolled infants, this criterion was fulfilled by 17 term (11 F/6 M) and 22 preterm infants (12 F/10 M). PCD was measured as the time interval between the initial breath of one breathing cluster and the initial breath of the next cluster. Only epochs of PB preceded by a sigh were analyzed. For each epoch of PB we recorded the average PCD, SP, SS, number of cycles comprising an epoch, duration of the epoch, and the preceding stimulus type (ST). The stimulus was designated as "spontaneous" if the sigh occurred in isolation with no apparent preceding event, or as "stimulated" if the sigh was preceded within a 3-s interval by an air-jet stimulus. This definition was not intended to imply causality; it merely allowed us to determine whether the presence of the air-jet arousal stimulus before the sigh affects PCD.
The primary goals of the analysis were to characterize the postnatal maturation of PCD in term and preterm infants and to determine whether SP, SS or ST influences PCD. A regression analysis was performed with PCD as the dependent variable and baby ID, preterm versus term, PNA, SS, SP, and ST as independent variables. This analysis catered for the full range of models of the form:
where PCD i is the PCD for baby i; B i is a constant term for baby i; and B 0 x k x are constants, each taking one of two values depending on whether x ϭ P (preterm) or T (term); B 1 , B 2 , and B 3 are further constants; and SS, SP, and ST are binary (0,1) variables. Significance for this regression analysis was assessed using Fisher's F tests in an associated ANOVA (Table 1) . Where the assessment involved an invariant characteristic of a baby (i.e. preterm versus term), the denominator was the residual mean square deviation between babies. Where it involved a characteristic that varied both over time and between babies, the denominator was the residual mean square deviation. However, there was considerable replication in the data in that several PCD observations (average ϭ 6) were sometimes available for a baby at one PNA. Under these circumstances, there is a potential bias in using F tests based on residual mean square deviation. To ensure that the analysis was free of bias, F tests based on residual "babies ϫ times" deviation were also used (last column in Table 1 ).
RESULTS
The PB pattern of a typical infant from an age of 28 d postnatally to 220 d shows a clear decline in PCD with PNA ( Fig. 1) . Figure 2 , a and b, shows PCD plotted against PNA for all infants in the study. Also plotted in Figure 2 , c and d, are published PCD data from previous studies. Note in Figure  2 , c that the data of Glotzbach et al. (8) show a rising trend with PNA, whereas our previous (1) and current data demonstrate a progressive fall in PCD with maturation; the single point is from Rigatto et al. (13) . All three existing studies in term infants (5-7) show a fall in PCD with PNA and are in good agreement with the regression curve derived from our current data (Fig. 2d) .
Choice of regression model. Many variants of Eq. 1 were considered, and five of these are included in the ANOVA set out in Table 1 . The simplest (Model 1), which comprised only if term. This model was significantly better than Model 2 (p Ͻ 0.001), accounting for 73.5% of the variability in PCD.
Model 4 comprised two exponential decay curves with different exponent values. This model, which accounted for 73.6% of the variability in PCD, was discarded because it provided no significant improvement over Model 3.
Model 5, which is our preferred model, is similar to Model 3, containing two exponential decay curves plus an additional term (-0.36 SS), which incorporates the significant effect of AS rather than QS in lowering PCD by a mean Ϯ SE of 0. Finally, since the exponent derived from the regression analysis was identical for preterm and term infants, a time constant of 1/k ϭ 39.21 d characterized both infant groups. Thus, 95% of the total maturational change in PCD from birth to its nadir at 4 -6 mo postnatally was completed within three time constants (117.6 d), or approximately 4 mo. In our previous studies of preterm and term infants we used a bilinear regression instead of an exponential regression to determine the PNA at which no further change in PCD occurs. This PCD plateau value (Fig. 3) started at a PNA of 110 d in preterm infants and at 90 d in term infants (1, 5) . Thus, the results from our current and previous studies are in reasonable agreement despite use of different methods to determine the start of the PCD plateau. Similarly, the asymptotic values of PCD at PNA ϭ 0 are similar for the two methods: the current study yielded 18.3 s versus 17.1 s in our previous study for preterm infants (1), whereas in term infants PCD at PNA ϭ 0 was 15.4 s in the current study versus 15.6 s in our previous study (5) .
PCD variability. A 95% confidence interval for the regression line of Model 5 was determined by estimating a total variance comprising two components. The first source of variability is the between-babies component. This was calculated as the variance of B i for each infant group. For the preterm group it was 0.92 s 2 and for the term group it was 0.95 s 2 . The second component is the residual mean square variability from the regression given in Table 1 as 1.56 s   2 . A pooled estimate of (the total) variance was calculated by adding these components giving a 95% confidence interval (i.e. Ϯ2 SD) of Ϯ3.1 s for the term group and Ϯ3.2 s for the preterm group. These intervals are indicated as dotted curves in Figure 2 .
Effect of postconceptional age on PCD. Although the primary focus of our study was to determine the maturational change in PCD with PNA, the PCD data are plotted against PCA in Figure 4 . At 257 d PCA, PCD for the preterm group was 14.1 Ϯ 1.9 s (mean Ϯ SD). At 290 d PCA, PCD in the term group was 13.9 Ϯ 1.3 s, significantly greater than in the preterm group in which mean PCD was 11.2 Ϯ 1. 
DISCUSSION
Our study confirms and extends previous reports that PCD falls with advancing PNA (1,5-7) in both preterm and term infants. While the initial value of PCD in preterm infants of 18.3 Ϯ 3.2 s (mean Ϯ 2 SD) is significantly higher than that in term infants (15.4 Ϯ 3.1 s), 95% of the exponential decrease in PCD that occurs between birth and 6 mo is completed by 117.6 d PNA in both infant groups. Furthermore, the PCD reached at around 6 mo is approximately 10 s in both cases. Our study therefore suggests a more rapid maturation of PCD with PNA in preterm compared with term infants. Interestingly, a significant but small decrease in PCD was found during AS but SP did not significantly influence PCD.
Term infants. Our data are in accord with a study by Fleming et al. (6) in 15 normal full-term infants carried out from shortly after birth to 7 mo of age. From their Figure 8 (6) , PCD can be calculated as PCD ϭ 2/ n , where n is the natural radian frequency of the ventilatory oscillation. These calculated values, plotted in Figure 2 d, are in excellent agreement with our data. The high PCD and rapid PCD development reported by Fleming et al. during this period of adaptation to air breathing are consistent with the suggestion that PCD decreases with age as a result of reduced chemoreception delays and/or increased lung washout efficiency (1, 5, 7) .
Other data from term infants show a fall in PCD with PNA. For example, as is clear from Figure 2 d, the data of Barrington et al. (7), acquired from 10 full-term infants followed longitudinally out to 12 wk postnatally, lie well within the 95% confidence intervals of our data, as do previous term infant data on PCD collected during longitudinal studies in our laboratory (5) .
Preterm infants. In contrast to the situation in term infants, data on PCD maturation in preterm infants are contradictory. The current study and our earlier work (1) demonstrate PCD falls with PNA, whereas a study by Glotzbach et al. (8) reported no change in PCD with PNA. The possible reasons for this discrepancy have been discussed in some detail previously (1). Briefly, their study was cross-sectional, with infants randomly selected for a 24-h study just before discharge home. Crucially, 75% of their data were clustered within the first 6 postnatal weeks rather than being spread over 30 wk, as in our study. Since the infants were not followed longitudinally, the ability to detect a reduction in PCD over time was weakened, especially given the large between-baby variability demonstrated in this current study by the wide 95% confidence intervals for PCD in Figure 2 .
A further issue in the study of Glotzbach et al. is that they selected only long epochs of PB for analysis in each infant. If a correlation exists between PCD and epoch length, the use of long epochs could lead to a selection bias favoring larger PCD values and, as we argue later, a different pattern of maturation. Such a correlation might be expected on theoretical grounds, inasmuch as our calculations using a math model of the infant control system (3,4) assuming mild hypoxia associated with intrapulmonary shunting in the early postnatal period (14) show that, if we assume changes in PCD are mediated through changes in circulatory delay (Fig. 5) , then state-related changes in cardiac output would be expected to strongly mediate such changes. Accordingly, if for example cardiac output falls, the lung-chemoreceptor circulatory delay would increase and loop gain (LG) could exceed 1, spontaneously generating a long epoch of PB with a long PCD. Conversely, if cardiac output rises, the circulatory delay and LG would decrease producing a short epoch of PB with a shorter PCD.
A final mechanism by which choosing long epochs of PB for analysis may distort the postnatal trend in PCD is if there are two temporal components in the peripheral chemoreceptor feedback loop and each contributes to the PCD. If one of these falls with maturation (e.g. speed of chemoreceptor response) while the other rises (e.g. circulatory delay from lung to peripheral chemoreceptor), then whether PCD increases or decreases with maturation will depend on which of these components dominates. If long epochs of PB have longer PCD caused by increased circulatory delay, as argued above, then in these epochs the increase in circulatory delay with maturation would tend to dominate, giving PCD a rising trend (or perhaps no trend if the two trends are equal and opposite) with maturation. Conversely, shorter epochs with shorter circulatory delay would be dominated by the speed of response of the peripheral chemoreceptor, and in this case PCD would fall. Unfortunately, our data do not permit us to assess whether PCD maturation is different when long epochs are selected for analysis because potentially long epochs of PB were often terminated prematurely by the air jet stimulus used for arousal testing.
Sleep state and sleep position. In our previous studies (1,5) and those of others (7), SS did not influence PCD. Interestingly, in the current study using a more sensitive multiple regression analysis, a small decrement in PCD (0.36 s) was identified in AS. We are unsure why this small decrement occurs, but it may mirror the effect of an increased cerebral blood velocity during AS (15, 16) leading to a small reduction in lung-chemoreceptor delay and PCD. In addition, we found that SP had no effect on PCD maturation, suggesting that the respiratory control system and circulation delay are not influenced by whether the infant is prone or supine; this finding argues against a role for vestibular processes in the declining trend in PCD.
Maturation of respiratory control. Our findings provide insight into the maturation of respiratory control in infants. Predicted effect of increasing circulatory delay (with respect to the nominal value of 3.5 s) between the lung and peripheral chemoreceptors on PCD and LG. As circulatory delay increases, both LG and PCD increase, destabilizing respiratory control; sustained PB is predicted when LG Ն1. The mildly hypoxic conditions assumed in this model simulation result in LG Ͼ1 even when circulatory delay is nominal and, accordingly, sustained PB with a PCD of 14 s is predicted.
PB CYCLE DURATION IN INFANTS
First, the theoretical prediction that PCD should rise with PNA was not observed, even though increasing body size and the dramatic fall in cardiac output/kg in the immediate postnatal period in infants (17) would be expected to increase the circulatory delay between the lung and peripheral chemoreceptors. This observation suggests that other factors must cause PCD to decline. By contrast, data from older infants, from adults with idiopathic central sleep apnea (18) , and from young high altitude climbers (19) are consistent with theoretical model predictions, suggesting that increasing circulation delay assumes a greater importance some time after the first 6 mo of life (Fig. 3) . Second, the temporally matched fall in PCD with PNA in the preterm and term infants suggests that the respiratory control system undergoes an adaptation to air breathing starting soon after birth, and that this adaptation is completed by 4 mo postnatally, regardless of whether birth is preterm or term. Third, since a number of studies suggest a dominant role for the peripheral chemoreceptors in the genesis of respiratory instability (3, 4, 6, 14, 20, 21) , the fall in PCD with PNA specifically points to a shortening of the time delays in the peripheral chemoreflex loop as causative. Interestingly, recent evidence suggests that delays in the response to a hypercapnic stimulus are significantly reduced in human infants over the first weeks of life while the peripheral O 2 chemoreflex shows little change (9) . This decrease in response time to a hypercapnic stimulus may be mediated through maturational changes in the peripheral chemoreceptors themselves, or it is possible that developmental changes associated with increased myelination of nerve fibers in the CNS, or changes in the central integration of sinus nerve traffic in the brain stem, play a role.
In conclusion, our study shows, contrary to theoretical prediction, that PCD falls exponentially from birth until 4 mo postnatally and thereafter is unchanged until at least 6 mo PNA, confirming our previous studies in smaller numbers of infants. In addition, a small but significant decrease in PCD in AS compared with QS was identified, whereas SP had no effect on PCD. As has been suggested (6), the observed changes in PCD and in the length of PB epochs with postnatal age may signify a switch from an immature unstable infant respiratory control system to a more mature and stable adult system. The results of our current study support the view that the mechanism responsible for the maturation of PCD is a decline in the response time of the peripheral chemoreceptor in the first 6 mo of life.
